We evaluated Cervus elaphus herbivory and trampling impacts on plants and soils on Chaco Culture National Historical Park (Chaco), a desert grass/shrubland in northwestern New Mexico, USA, most (63%) of which has been protected from grazing by domestic livestock since 1948. We conducted grazing, browse, and water infiltration surveys in areas which received different amounts of C. elaphus use (use and control), [2004][2005][2006][2007]. Browse utilization was <32% on monitored species and Odocoileus hemionus use accounted for the majority of browsing. Live plant cover was greater on areas receiving more C. elaphus use, and no grass species were used above recommended levels. Stubble heights of Bouteloua spp. were positively related to relative C. elaphus use on some areas, suggesting possible stimulation of grassland productivity by C. elaphus grazing. Water infiltration rates either did not differ among use or control sites or were faster in use sites, indicating no impacts of C. elaphus use on soil compaction. At current C. elaphus densities (0.2-0.4/km 2 ), negative impacts to plants and soils were not seen on Chaco, and some evidence suggests that light grazing is optimizing desert grasslands of Chaco.
Introduction
Large herbivores such as Cervus elaphus can impact the structure, function, and composition of plant communities through selective feeding [1] [2] [3] [4] [5] [6] [7] . Ungulates can affect availability of nitrogen, amount of bare soil, net primary productivity, soil moisture, and many other variables relevant to plant communities [8] [9] [10] . These changes can be positive [11, 12] or negative, and this distinction in part depends on intensity of use and specific characteristics of the plant community [13] [14] [15] [16] . For example, positive stimulation of productivity in plant communities due to herbivory (i.e., herbivore optimization [12] ) has been most commonly associated with mesic grasslands [11, 12, 17] , whereas the most significant negative changes in vegetation communities attributed to herbivory are generally associated with woody plants [1, 18, 19] .
Controversy regarding C. elaphus herbivory involves negative effects on recruitment of preferred browse species (such as Salix spp. and Populus tremuloides [1, 18, 19] ) and on production and diversity of grasslands [7] . Effects such as these make C. elaphus foraging a contentious issue in wildlands management, particularly in protected habitats such as national parks where populations cannot usually be limited by hunting [20, 21] . Most (86 km 2 or 63%) of Chaco Culture National Historical Park (Chaco) in northwestern New Mexico, USA, has been protected from domestic livestock grazing since 1948, with the remainder (50 km 2 or 37%) being protected since 1995 [22, 23] . Furthermore, no wild large grazer is thought to have occurred in Chaco historically, although Odocoileus hemionus, which are mainly browsers, have. Consequently, Chaco is one of the largest exclosures from domestic grazers in the North American west [23] and as such is a valuable baseline reference area regarding the potential condition of southwestern desert grass/shrublands in the absence of grazing. Chaco was colonized by approximately 20 C. elaphus around January 2000, and this herd subsequently increased to ≥53 individuals by 2007 [24] . There is no evidence that C. elaphus occurred in Chaco historically, and managers were concerned over the potential impact of C. elaphus on National Park resources, especially riparian woody communities and the relatively pristine ungrazed grasslands. Consequently, our goal was to compare condition and use of riparian and grassland sites in areas receiving relatively heavy and light use by C. elaphus in Chaco and to develop a baseline reference for future evaluations if the C. elaphus population continues to increase. Our objectives included (1) determining levels of browsing of key woody plants; (2) determining plant community composition; (3) quantifying degree of grazing on herbaceous communities; (4) determining trends in key noxious plants; and (5) determining effects of C. elaphus trampling on water infiltration. Figure 1 ). Elevations ranged from 1,670 to 2,079 m, and topography is characterized by rolling plains and mesas interspersed with steep canyons. Average high temperature in July was 32 ∘ C and average low temperature in January and December was −11 ∘ C. Average annual precipitation was 23 cm, with 52% falling in July-October, and average annual snowfall was 37 cm. Chaco Wash, an intermittent stream, bisects the park. [24] . The control area included the western portion of Chaco Wash, and the use area included the eastern section of Chaco Wash and draws descending from Chacra Mesa. In both the use and control areas, we randomly placed 10 transects along Chaco Wash, spaced 0.5 km apart, and 10 in 10 different side canyons. In the use area, all side canyons were off the north side of Chacra Mesa and in the control area off the north side of South and West Mesas. Pseudoreplication was necessary in Chaco Wash areas because of lack of appropriate replication areas (i.e., Chaco Wash was the only deciduous riparian community present).
Methods
We used the nearest key browse species method [26] to assess levels of browsing. We sampled the nearest successive shrub in the forward-facing 180 ∘ (i.e., up side canyons or down Chaco Wash [26] ), until a maximum of 50 live shrubs ≥0.25 m tall were examined per transect. Occasionally, minimum distances (3-5 m) between subsequent shrubs were used in an attempt to spread the sampled shrubs throughout transects. If there were 2 shrubs equidistant from the previous shrub, the shrub closest to the center of the streambed or canyon was selected.
We selected 2 key browse species on the basis of palatability to ungulates and abundance in the study area: Salix spp. for Chaco Wash (wash use and wash control) and Atriplex canescens for side canyons (canyon use and canyon control). Percent use was assessed by examining 5 branches nearest to the observer's line of movement and between 0.25 and 2 m high. All current annual growth (previous years) on the chosen branch was examined for ungulate browsing. Only branches 0.25-2 m above ground were chosen because that height range is within C. elaphus and O. hemionus reach but too high for nonungulate herbivores. The number browsed out of the total number of shoots examined for each of the 5 branches was tallied for each shrub. We calculated mean browse levels for each of the 4 areas and compared browsing levels using analysis of variance [27] . We used stepwise multiple regression [27] to determine proportional use of browse species by C. elaphus and O. hemionus, with numbers of pellet groups/transect of each species used as predictor variables (see below) and browse levels as the outcome variable.
We assessed relative C. elaphus and O. hemionus use by counting all pellet groups encountered within 2 m of a straight line between shrubs used in browse surveys for the first 100 m of the browse transect. We identified pellet groups to species and totaled groups by species for each transect. We compared differences between areas using analysis of variance [27] .
Grazing and Soil Surveys.
We conducted grazing surveys in late August and early September, 2004 and 2006 , at approximately the peak of graze species growth for the respective years. We compared 2 use and 1 control areas. The 2 use areas were the top of Chacra Mesa (CM), a Pinus edulisJuniperus spp. grassland, and the side ridges ("fingers") of mesa descending from the mesa top on the northeast side of CM (hereafter, Chacra Fingers (CF)). The control area included both South and West Mesas (SWM), which were Juniperus grasslands. We established 24 100 m transects on CM and CF, respectively, 18 transects on South Mesa, and 6 on West Mesa, for a total of 72 transects. We randomly chose transect starting locations on a GIS basemap of Chaco. All 24 transects proceeded in the same direction in each area: toward 300
∘ on CM and 210 ∘ on CF, directions that roughly paralleled the run of the landscape, and 300
∘ on SWM to correspond with CM.
We tallied ground cover (i.e., soil, rock, plant, and cryptogamic crust) every 1 m along the 100 m transects. We identified all plants to species when possible and measured average leaf height (residual stubble height (RSH)) of grasses by pulling the blades of grass up and measuring their height, not by measuring in situ [25] . We summarized RSHs obtained by species and compared these to published standards to determine degree of use (i.e., if any grass species in any of the areas were overgrazed [25] ). If the cover was not grass, we located the nearest grass plant to the point and recorded its species and RSH. We calculated 95% CIs around mean RSH to see if mean RSH differed from standards (e.g., if the standard was included in 95% CIs, there was no difference).
Several soil types were present on each area, and transects occurred on a variety of soil types within each area. Consequently, we compared ground cover and type of plant cover (grass, forb, shrub, tree, and other) among sites using multivariate analysis of covariance [28] , with mean herbaceous productivity of soils during average precipitation years (hereafter, productivity) as a covariate to account for differences in soils among transects and sites. For 2006 only, we used stepwise multiple regression [27] to model the proportional effects of C. elaphus and O. hemionus use on RSH of Bouteloua spp. on the CM, CF, and SWM areas. We determined relative use by C. elaphus and O. hemionus by tallying numbers of fecal pellet groups within 1 m of either side of the 100 m line transect (i.e., a 2 × 100 m belt transect). We selected Bouteloua spp. as the test species because they represented >51% of total grass cover on transects and were highly palatable to C. elaphus [29, 30] ; the next most common species (Pleuraphis jamesii) comprised <21%. We included productivity in all regression models. To assess invasion of grasslands by noxious weeds, we used cover of Gutierrezia sarothrae, an unpalatable subshrub indicative of overgrazing, and Bromus tectorum, an invasive exotic annual grass that increases with overgrazing [29] . We compared percent cover of these species among sites and between years (2004 and 2006) using Kruskal-Wallis tests [27] . Last, to assess possible herbivore-related trampling effects on soils, we measured water infiltration every 10 m along the 100 m transects. We determined relative infiltration rates by pouring 10 mL water into a clear graduated cylinder and timing how long it took for 2 mL of water to soak into the ground [31] . Timing was stopped at 30 seconds, and this test was not performed if the ground cover at that point was rock. We compared infiltration among sites using analysis of variance [27] . < 0.001), but not cryptogamic crusts ( 2,67 = 0.4; = 0.702). In both years, CM ( ≤ 0.009) had significantly more plant cover than CF or SWM, which were similar each year ( ≥ 0.459) (Table 3) always had >2X the grass cover ( ≤ 0.028) of the other sites, and forb cover was also greater or similar to the other areas. Conversely, tree cover was less or similar on CM (Table 4) .
Results

Browsing
Residual stubble heights of all grass species in each area each year were generally much higher than recommended use standards (Table 5) , and no grass species was overutilized in any year based upon published standards [25] . on SWM (0.3% (SE = 0.2)), which did not differ ( = 0.326).
Cover of Bromus tectorum did not vary ( (Table 6 ). Infiltration rate on CM was faster than CF ( = 0.006) and SWM ( = 0.043), which did not differ ( = 0.438; Table 6 ). In 2006, water infiltration times ( 2,67 = 2.2; = 0.122) were similar among sites (Table 6 ).
Discussion
C. elaphus use had little apparent impact on plants or soils of Chaco, and levels of browsing (Table 2 ) and grazing (as indicated by high RSHs; Table 5 ) were low. Rather than negatively impacting plant communities, some evidence suggests that the low use of CM may have resulted in an C. elaphus-induced optimization [11, 12] of CM grasslands, as residual biomass of the most abundant palatable graminoid, Bouteloua spp., increased with increasing C. elaphus grazing even after accounting for soil productivity. Lack of impacts and possible facilitation of CM grasslands by C. elaphus was likely a consequence of low C. elaphus densities (0.2-0.4/km 2 ) during this project. Previously, C. elaphus optimization of forested grasslands in the Blue Mountains of Oregon was seen at densities of generally <15/km 2 [12] . C. elaphus use averaged >7X greater in the wash and canyon use areas compared to controls (Table 1) , whereas use by O. hemionus was more variable and not directly tied to use and control areas designated from C. elaphus distribution ( Table 1) . Use of Salix spp. was variable but generally greater in use areas than controls, although this difference was significant only in 2004 and 2007 (Table 2) . However, maximum use of Salix spp. in Chaco was ≤15% annually, and use of Atriplex canescens was <32% annually (Table 2) . Even the highest utilization rate observed was far below levels affecting plant viability; for example, riparian shrubs can sustain use of 50-60% without impacts on plant health and structure [32] . In areas where C. elaphus have been implicated as having strong impacts on plant communities, browse utilization was much greater than on Chaco. For example, Salix spp. use in Rocky Mountain National Park ranged from approximately 70 to 90% [10] and Populus tremuloides use averaged from 77 to 90% in Yellowstone National Park [20] . Moreover, O. hemionus, not C. elaphus, were responsible for the majority of browsing correlated with ungulate use in Chaco (21-63% of variance).
Similar to browse use, effects of C. elaphus grazing on grass species were undetectable on Chaco. Based on RSHs, no differences in grazing intensity were apparent among the 3 areas surveyed, and overall grazing pressure was light in all areas (Table 5) . Moreover, overall plant cover was greatest on CM, a use area; bare soil was highest (2004) (Table 3) ; and water infiltration in 2004 was fastest on CM, a use area (infiltration rate did not differ among areas in 2006); each of these indicates little or no effect of C. elaphus grazing or trampling on plant cover, cryptogamic crusts, or soil compaction [30, 33, 34, 36] . Of the 3 areas, CF and CM received the highest relative C. elaphus use (5.8 and 5.5 pellet groups/transect, resp., versus 0.4 on SWM) and CF also received the highest use by O. hemionus (4.1 pellet groups/transect versus 3.2 on SWM and 1.7 on CM); thus, CF would be expected to show the largest effect on infiltration rates if C. elaphus or combined ungulate trampling was compacting soils on Chaco. Further, the CF area had the highest coverage of cryptogamic crusts in 2004 (Table 3) , and cryptogamic crusts would be expected to be negatively impacted by C. elaphus trampling.
Similarly, there were no trends in noxious species that were attributable to patterns of C. elaphus use. Although Gutierrezia sarothrae increased from 2004 (2.0% cover) to 2006 (2.5% cover) on CM, if this increase was attributable to disturbance associated with C. elaphus trampling [33, 34] similar or greater increases should have been seen on CF, as C. elaphus utilized CF similarly to CM (5.8 versus 5.5 pellet groups/transect) and O. hemionus used CF more (4.1 versus 1.7 pellet groups/transect, resp.), but no differences were detected. Because annual changes in plant demographics can be large in arid systems [33] [34] [35] independent of herbivore effects, the observed change in cover of Gutierrezia sarothrae likely was related to annual weather or other factors as it was not associated with any trends in C. elaphus use.
In contrast to negative impacts, there was some evidence that the light grazing seen in Chaco stimulated grassland production. On CM, RSH of Bouteloua spp. was positively associated with degree of C. elaphus use, indicating that RSHs increased as C. elaphus grazing increased; that is, Bouteloua spp. may have shown compensatory increases in aboveground biomass due to C. elaphus herbivory. Herbivore optimization of herbaceous plants by light C. elaphus grazing has been demonstrated experimentally [12] . Herbivore optimization occurs because of compensatory growth of plants due to light removal of existing tissue, perhaps augmented by fertilization from urine and feces and removal of coarse, less photosynthetically active tissue and lessening of competition [11, 12, 36] . Through these processes, light to moderate grazing can increase net annual primary production of grasslands [11, 36] . On CM, residual biomass of Bouteloua spp., as measured by RSHs, was positively related to the degree of C. elaphus use. Further, cover of grasses and forbs was greater in areas receiving more C. elaphus use (Table 4) , and plant diversity was highest in the heaviest ungulate use area of Chaco (CF). Collectively, these results further indicate that herbivory by C. elaphus (or combined herbivory by C. elaphus and O. hemionus) was not negatively impacting the desert grasslands of Chaco and suggest that herbivory may have been enhancing the diversity and productivity of these grasslands.
In conclusion, the presence of C. elaphus alone does not mean that deleterious impacts on plant communities will be present, even in protected areas. C. elaphus occurred in and around Chaco in low densities (0.2-0.4/km 2 ) and showed minimal or no impacts on plants or soils and may have stimulated plant growth by light grazing [11, 36] . Additionally, viewing of C. elaphus was a highly valued experience for visitors of Chaco and such opportunities would be lost if C. elaphus were culled because of anticipated negative impacts on plant communities such as seen in other western national parks in the USA. Thus, at current population levels, no actions to decrease C. elaphus numbers in the Chaco area are warranted if driven by concerns over effects of C. elaphus herbivory.
